Toll-like receptor-4 (TLR4)], uric acid (UA), and high-mobility group box-1 protein (HMGB1) during acute kidney injury. UA, which is significantly increased in the circulation following renal ischemiareperfusion injury (IRI), was used both in vitro and in vivo as an early response-signaling molecule to determine its ability to induce the secretion of HMGB1 from endothelial cells. Treatment of human umbilical vein endothelial cells (HUVEC) with UA resulted in increased HMGB1 mRNA expression, acetylation of nuclear HMGB1, and its subsequent nuclear-cytoplasmic translocation and release into the circulation, as determined by Western blotting and immunofluorescence. Treatment of HUVEC with UA and a calcium mobilization inhibitor (TMB-8) or a MEK/Erk pathway inhibitor (U0126) prevented translocation of HMGB1 from the nucleus, resulting in reduced cytoplasmic and circulating levels of HMGB1. Once released, HMGB1 in autocrine fashion promoted further HMGB1 release while also stimulating NF-B activity and increased angiopoietin-2 expression and protein release. Transfection of HUVEC with TLR4 small interfering (si) RNA reduced HMGB1 levels during UA and HMGB1 treatment. In summary, UA after IRI mediates the acetylation and release of HMGB1 from endothelial cells by mechanisms that involve calcium mobilization, the MEK/Erk pathway, and activation of TLR4. Once released, HMGB1 promotes its own further cellular release while acting as an autocrine and paracrine to activate both proinflammatory and proreparative mediators. secretion; acetylation; ethyl pyruvate; systemic inflammatory response ONE OF THE DEFAULT MECHANISTIC responses in mammals to ischemia-reperfusion injury (IRI) is represented by the activation of xanthine oxidoreductase and a surge of purine metabolites in the circulation (15, 42). We have previously demonstrated that renal ischemia induces a rapid, transient elevation in the level of uric acid (UA) (50). Acting as a prototypical "alarm-signaling" alarmin, UA acts through Toll-like receptor-4 (TLR4) to signal exocytosis of Weibel-Palade bodies in vitro and in vivo. This in turn leads to the release of their constituents, such as von Willebrand factor, IL-8, and angiopoietin-2 (ANG 2), while also stimulating stem cell mobilization (34).
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Another well-established alarmin that also acts via TLR4 is the high-mobility group box-1 protein (HMGB1). It is released by necrotic cells, but also by non-lethally injured cells (2) (3) (4) 56) . Recent reports have indicated that HMGB1 is released by the kidney following IRI (7, 10, 35, 38, 70) . HMGB1 and UA both participate in the systemic inflammatory response, but the possible existence of cooperative interactions between the two remains obscure. Exploring this possibility represented the main goal of this study.
Studies in monocytes and macrophages have indicated that when activated by various stressors, HMGB1 is actively translocated from the nucleus to the cytoplasm, utilizing various signaling cascades (2, 21, 50) . For instance, the oxidative stress of macrophages leads to HMGB1 release by mechanisms involving MEK-Erk (64) . HMGB1 release by oxidative stress, however, is markedly reduced by inhibition of calcium-dependent pathways (65) . In fact, reports are emerging that suggest intracellular calcium concentration plays a variety of roles in nuclear-cytoplasmic shuttling of HMGB1 (51, 58, 59 ). Regardless of which signaling pathway is activated, the active nuclear-to-cytoplasmic translocation of HMGB1 appears to require the acetylation of HMGB1 at its two lysine-rich nuclear localization signals (4, 24) . Here, we examined whether mechanisms of HMGB1 secretion utilized by immune cells are functional in endothelial cells and whether these mechanisms are involved in the interaction between UA and HMGB1.
While HMGB1 has been shown to promote autophagy, cell survival, angiogenesis, wound healing, stem cell homing, and DNA repair in some injury models (5, 22, 37, 46, 60, 61, 63) , it also has a strong cytokine-like effect that induces a proinflammatory, immunostimulatory, and chemotactic response (1, 44, 48, 56) . In essence, HMGB1 proteins function as universal sentinels for nucleic acid-mediated innate immune responses (72) . Once released, HMGB1 has been shown to interact with at least five different receptors on target immune cells: RAGE, TLR4, TLR2, TREM-1, and CD24 (6, 16, 30, 33, 47, 49, 74) . Feedback mechanisms involving released HMGB1 may synergistically activate these receptors, causing further secretion of intracellular HMGB1. Along these lines, one of the aims of this study was to examine the ability of exogenous HMGB1 to stimulate further release of HMGB1 from endothelial cells while also activating proinflammatory and angiogenic responses, thus ensuring the propagation of systemic inflammatory response signaling. We demonstrated that 1) UA acting via TLR4 induces acetylation, translocation, and release of HMGB1; 2) HMGB1 translocation is calcium and MEK/Erk dependent and can be blocked by ethyl pyruvate in cultured endothelial cells; and 3) released HMGB1 acts in a positive feedback loop to enhance its own synthesis and release, thus amplifying, expanding, and chronologically extending inflammatory response.
MATERIALS AND METHODS
Endothelial cell culture UA treatment. Human umbilical vein endothelial cells (HUVEC) were obtained from ATCC (Manassas, VA) and cultured in EBM-2 medium (Lonza, Allendale, NJ) supplemented with (per 500 ml of EGM-2) 10 ml FBS, 0.2 ml hydrocortisone, 2 ml hFGF, 0.5 ml VEGF, 0.5 ml IGF-1, 0.5 ml ascorbic acid, 0.5 ml hEGF, 0.5 ml GA-1000, and 0.5 ml heparin. HUVEC were maintained at 37°C with 5% CO 2 and were used in experiments when cultures reached 80% confluence. UA was prepared as previously reported (34) . Briefly, UA sodium salt at varying concentrations (10 -100 g/ml) was dissolved in EBM-2 medium, then filtered through a sterile 0.22-um filter. HUVEC were treated with varying concentrations of UA (10, 50, and 100 g/ml) for up to 60 min. We have previously demonstrated that endothelial cells are activated when treated with 10 -100 g/ml of UA, with optimal activation occurring with 50 g/ml (34) .
Calcium and MEK/Erk experiments. HUVEC were incubated for 60 min with either 10 M TMB-8 (a nonspecific inhibitor of intracellular calcium mobilization) (Sigma, St. Louis, MO) (9, 40, 41) or 10 M U0126 (inhibitor of MEK/Erk) (Sigma) (13, 14, 17, 26, 31, 69) diluted in PBS supplemented with 4.1 mM KCl, 2.5 mM NaHCO 3, 1.0 mM MgCl2, 5.0 mM glucose, and 1.4 mM CaCl2.
Recombinant HMGB1 and ethyl pyruvate experiments. HUVEC were incubated in EBM-2 medium for 60 min with either 50 g/ml UA (with or without 25 mM ethyl pyruvate, Sigma) (10, 11, 28, 39, 66, 67) or various concentrations (10, 50 and 100 ng/ml) (19) of recombinant HMGB1 (rHMGB1; with or without 25 mM ethyl pyruvate, R&D Systems, Minneapolis, MN). The pharmacological ethyl pyruvate dose of 25 mM was selected based on reports in the literature that identify this concentration as within the range that inhibits HMGB1 release from cells (11, 18, 28, 55, 57, 67, 73) . Due to the acidic nature of ethyl pyruvate, 15 mM HEPES was added and the resulting solution was set to a pH of 7.3 using NaOH.
RNA extraction and real-time PCR. Total RNA was extracted from HUVEC by TRIzol reagent (Invitrogen, Carlsbad, CA) and quantified by a Quant-iT RNA assay kit (Invitrogen). In brief, for each sample, 2 g of total RNA were used to synthesize cDNA by a SuperScript III reverse transcriptase kit according to the supplier's protocol (Invitrogen). cDNA was amplified using iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA). cDNA and primers were added to the PCR mixture to a final volume of 20 l. PCR was performed using the MiniOpticon real-time PCR system (Bio-Rad Laboratories). Primers were designed using Beacon Designer 4 software (Premier Biosoft, Palo Alto, CA). The forward primer for HMGB1 was 5=-AgATATggCAAAAgCggACAAg-3=, and the reverse primer was 5=-TCAgAgCAgAAgAggAAgAAgg-3=. For ANG 2, the forward primer was 5=-TCggAAgAgCATggACAgCATAg-3=, and the reverse primer was 5=-TggAggAAgAgCggCAgTTg-3=. ␤-Actin mRNA expression was used as an internal control.
Isolation of cytoplasmic and nuclear proteins. To obtain whole kidney and whole cell lysates, samples were homogenized in RIPA buffer with a protease inhibitor. To obtain cytoplasmic and nuclear fractions from either kidney tissue or HUVEC, Abcam's subcellular and nuclear fractionation protocols with modifications (71) were utilized. In brief, samples were incubated on ice for 10 min in cytoplasmic lysis buffer [10 mM Tris·HCl (pH 8.0), 60 mM KCl, 1 mM EDTA, 1 mM DTT, protease inhibitor, and 0.5% NP-40] and gently triturated using a 26-gauge needle (BD, Franklin, NJ). After centrifugation at 2,300 rpm for 5 min at 4°C, the supernatant fraction was removed and the pellet was resuspended in nuclear lysis buffer (20 mM Tris·HCl, pH 8.0, 420 mM NaCl, 0.2 mM EDTA, 25% glycerol, 1.5 mM MgCl 2, Ultra pure water, protease inhibitor, 1 mM DTT, and 1% Triton X-100), incubated on ice for 30 min, repeatedly triturated, centrifuged at 14,000 rpm for 5 min at 4°C, and the supernatant containing the nuclear fraction was retained. Three Kunitz units of DNase (Qiagen, Valencia, CA) was added to nuclear fractions.
Analysis of acetylated HMGB1 by immunoprecipitation. In experiments here, nuclear and cytoplasmic fractions and medium/blood samples were examined for total HMGB1 (both acetylated and nonacetylated) by Western blotting using standard HMGB1 antibodies. To distinguish what fraction of total HMGB1 was acetylated, HMGB1 was immunoprecipitated out of samples and Western blotting using an antibody specific for acetylated lysine residues was used. For immunoprecipitation, Santa Cruz Biotechnology's immunoprecipitation protocol was used. In brief, lysates were precleared by adding 1:2 protein A/G PLUS agarose bead slurry (Santa Cruz Biotechnology, Santa Cruz, CA), incubated with agitation for 10 min, centrifuged, and the resulting supernatant was retained. The protein concentration of the supernatant was determined by a Bradford assay (Bio-Rad Laboratories). For immunoprecipitation of HMGB1, rabbit polyclonal HMGB1 antibody (Abcam, Cambridge, MA) was added to the supernatant at a concentration of 10 g of antibody/500 g of total cellular protein and incubated overnight at 4°C. The resulting antibody-HMGB1 protein immunocomplex was captured from the solution by adding 10 l of protein A/G PLUS agarose bead slurry and incubated overnight at 4°C. Samples were centrifuged at 14,000 rpm, and the pellet was washed with PBS, resuspended in lysis buffer, and boiled for 5 min to remove immunocomplexes from beads followed by centrifugation to pellet beads. The supernatant was mixed with Laemmli buffer (Bio-Rad Laboratories) and subjected to Western blot analysis.
Western blot analysis. HMGB1 and ANG 2 were examined in tissue and cell samples by Western blotting (24) and in conditioned medium by ELISA (R&D Systems). Medium samples were concentrated using cellulose 10,000 MWCO concentrating centrifugal filter units (Millipore, Billerica, MA) before Western blotting. In brief, samples were dissolved in Laemmli buffer, boiled at 80°C for 10 min, and separated on 4 -20% polyacrylamide Mini-Protean TGX gels (Bio-Rad Laboratories). Proteins were electrotransferred to a polyvinylidene difluoride membrane (Millipore, Medford, MA). After blocking with 5% wt/vol nonfat milk, membranes were incubated at 4°C for 48 h with a primary antibody, followed by incubation with a secondary antibody. A polyclonal rabbit antibody to HMGB1 (Abcam), polyclonal goat ANG 2 antibody from Santa Cruz Biotechnology, polyclonal rabbit antibody to TLR4 (Abcam), monoclonal mouse antibody to ␤-tubulin, monoclonal antibody to ␤-actin (Sigma), and polyclonal rabbit antibody to histone (Calbiochem, Gibbstown, NJ) were used as primary antibodies, according to the manufacturers= recommendation (including dilutions). The polyclonal rabbit antibody to acetyl lysine (Abcam) was used as on immunoprecipitated samples. Anti-rabbit, anti-goat, and anti-mouse antibodies (GE Healthcare Lifesciences, Piscataway, NJ) conjugated to horseradish peroxidase were used as secondary antibodies, according to the manufacturer's recommendation. Detection was performed using enhanced chemiluminescence (Thermo Scientific, Rockford, IL) and X-ray exposure. Relative protein levels were calculated as densitometric ratios to histone, ␤-tubulin, or ␤-actin. To ensure the purity of cytoplasmic fractions, histone antibodies were used in Western blotting of cytoplasmic fraction samples. To ensure the purity of nuclear fractions, cytoplasmic tubulin antibodies were used in Western blotting of nuclear fraction samples. Furthermore, for Western blotting of plasma samples, equal amounts of total protein (as determined by a Bradford assay) of each sample were loaded onto Western blot gels and utilized as a loading control.
To differentiate between endogenous and exogenous HMGB1 in medium samples, 50 ng/ml of exogenous HMGB1 was added to medium (without cells) and quantified by Western blotting to establish a control baseline of the signal produced in samples by exogenous HMGB1. The resulting Western blot quantification of exogenous HMGB1 in the medium (without cells) was then subtracted from values obtained from experiments that quantified the amount of endogenous HMGB1 released from HUVEC stimulated by exogenous HMGB1. The resulting difference between the HMGB1 signal in the medium with and without cells was defined as the amount of endogenous HMGB1 released into the medium by HUVEC.
Immunocytochemical staining for HMGB1. HUVEC were grown in EGM-2 medium until 80% confluent. Cells were incubated at 37°C with 50 g/ml (34) UA for up to 1 h. After treatment, cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), permeabilized by 0.25% Triton X-100 in PBS-BSA (1%, Sigma), and incubated with rabbit polyclonal antibody to HMGB1 (Abcam), according to the manufacturer's recommendation, followed by labeling with Alexa Fluor 594-conjugated donkey anti-rabbit secondary antibody (Invitrogen). Cells were imaged on an Axiovert fluorescence microscope at ϫ100 with an Axiocam MRm camera using Axiovision 4.6.3SP1 Software (Zeiss). Fluorescence intensity was measured using NIS Elements AR 3.00, SP5 (Nikon).
In vivo UA treatment. In brief, male FVB/NJ mice (Jackson Laboratory, Bar Harbor, ME), ages 10 -12 wk, were anesthetized via intraperitoneal injection of 60 mg/kg ketamine and 6.6 mg/kg xylazine. A flank incision was made to expose the left kidney. The renal artery and the aorta were cleaned of connective tissue. A 33-gauge needle (Hamilton, Reno, NV) was inserted through the aorta into the renal artery and 50 g/25 g body wt of UA (34) was infused. After removal of the needle, the vasculature was sealed with BioGlue surgical adhesive (CryoLife, Kennesaw, GA) and the flank incision was closed by suturing. Mice were euthanized 1 and 3 h following UA treatment with kidneys and whole blood collected for further analysis. The animal study protocol was in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee.
Immunohistochemical staining for HMGB1. Upon euthanasia, kidneys were fixed by perfusion with 4% paraformaldehyde. After excision, kidneys were dehydrated with 30% sucrose, frozen in O.C.T. (Tissue-Tek, Torrance, CA), and cryosectioned (10-m-thick sections). Staining of kidney sections followed the same protocol as previously described here for immunocytochemistry. Briefly, sections were permeabilized with 0.25% Triton X-100 in PBS-BSA (1%, Sigma), blocked with PBS-BSA (1%), and stained using rabbit polyclonal antibody to HMGB1 followed by Alexa Fluor 594-conjugated donkey anti-rabbit (Invitrogen) and Alexa Fluor 488-conjugated goat anti-rat (Invitrogen) secondary antibodies, according to the manufacturer's recommendation. Nuclei were stained by adding 10 g/ml of 4,6-diamidino-2-phenylindole (DAPI) for 1 min followed by washing and addition of antifade reagent in PBS (Invitrogen).
NF-B reporter activity. HUVEC were transfected with NF-B firefly luciferase, Renilla luciferase plasmids, MyD88 small interfering (si) RNA, and/or control scrambled siRNA (Promega, Madison, WI) using the Amaxa Biosystems Nucleofector II Transfection Unit (Lonza). After transfections, cell suspensions were cultured in EBM-2. Following 24 h of incubation at 37°C/5% CO2, cells were incubated for an additional 24 h with either UA (50 g/ml) or rHMGB1 (50 ng/ml) with and without ethyl pyruvate (25 mM). After treatment, NF-B luciferase activity was determined using the Promega Dual Luciferase Reporter Assay (Promega). Luciferase chemiluminescence activity was measured using the Mithras LB 940 Chemiluminescence Microplate Reader (Berthold Technologies, Oak Ridge, TN).
TLR4 siRNA. TLR4 siRNA, control scrambled siRNA, and transfection reagents were purchased from Santa Cruz Biotechnology, and the manufacturer's protocol was used for transfections. HUVEC were cultured in EBM-2 medium and grown to 80% confluence before transfections. After transfection of either TLR4 siRNA or control scrambled siRNA, cells were incubated for 24 h at 37°C/5% CO2 in EBM-2 medium. After incubation, fresh EBM-2 was added and cells were treated with either UA (50 g/ml) or rHMGB1 (50 ng/ml), followed by Western blot analysis.
Statistical analysis. Data are presented as means Ϯ SE. For multiple comparisons between groups, one-way ANOVA with Tukey's posttest or two-way ANOVA with a Bonferroni posttest was performed using NCSS 2007 statistical package (NCSS, Kaysville, UT) or GraphPad Prism 5.0 (GraphPad Software, San Diego CA). Differences were considered significant at P Ͻ 0.05.
RESULTS
Treatment with UA (50 g/ml for 1 h) was associated with a significant decrease in HMGB1 in HUVEC (Fig. 1A) , ac- companied by its increased appearance in the culture medium (Fig. 1B) . This finding indicated endothelial cells contain HMGB1 and upon stimulation with UA, HMGB1 is released from these cells into the culture medium. To determine whether nuclear-cytoplasmic translocation occurred during UA stimulation, HUVEC were subjected to cell fractionation and isolation of nuclear and cytoplasmic fractions followed by Western blot analysis. We observed a decrease in nuclear accompanied by a significant increase in cytoplasmic HMGB1 after just 15 min of UA treatment (Fig. 2, A and B) . Consistent with this, immunocytochemical analysis showed that cells treated with 50 g/ml UA displayed fluorescently tagged HMGB1 translocation from the nucleus to the cytoplasm within 15 min (Fig. 2, C-E) . In addition to its effects on HMGB1 protein release, UA also upregulated HMGB1 mRNA expression within 30 min in HUVEC (Fig. 3) .
Having demonstrated that in vitro UA stimulates HMGB1 translocation and release into the culture medium of endothelial cells, we next examined its release in vivo. After bilateral renal ischemia in mice, circulating UA increases 2.4-fold (50) . We have previously shown a single injection of 50 g/25 g body wt of UA is sufficient to more than double its plasma concentration, which is comparable to the detected amount in the postischemic period (50) . In in vivo experiments here, we perfused 50 g/25 g body wt of UA into the renal circulation of mice to mimic the transient surge of UA that occurs during IRI. After injection, mice were subsequently killed and plasma and kidneys were examined for HMGB1. Western blot analysis of nuclear and cytoplasmic kidney fractions demonstrate HMGB1 in the nucleus declines while its levels in the cytoplasm and plasma increase within 1-3 h after UA injection (Fig. 4, A and B) . These data strongly suggest that UA infusion, mimicking its surge in the postischemic circulation, results in translocation of HMGB1 from the nucleus to the cytoplasm and its secretion into the circulation. These findings support our immunohistochemical analysis of kidneys after intrarenal injection of UA. In control kidneys, HMGB1 was localized to the nuclei of endothelial cells of the renal vasculature (Fig. 5A) , the glomerular capillary beds (Fig. 5D) , and the peritubular capillaries (Fig. 5G) , and to the nuclei of tubular epithelial cells (Fig. 5J) . One hour after UA injection, HMGB1 staining in the nuclei of vascular (including glomerular and peritubular) endothelial (Fig. 5, B , E, and H) and tubular cells (Fig. 5K ) was diminished. Three hours after UA injection, HMGB1 staining was significantly reduced in the nuclei of endothelial cells of the renal vasculature (Fig. 5C ) including the glomerular (Fig.  5F ) and peritubular capillaries (Fig. 5I ) and in the nuclei of tubular cells (Fig. 5L) .
We next explored the mechanisms by which UA may cause nuclear-to-cytoplasmic HMGB1 translocation and eventual passage out of the cell in vitro. Western blot analysis indicated HMGB1 remains in the nucleus of HUVEC cells upon treatment with UA when intracellular calcium mobilization was inhibited by the nonspecific intracellular calcium mobilization inhibitor TMB-8 (Fig. 6A) or when the MEK/Erk pathway was blocked with U0126. As a consequence of HMGB1 nuclear retention, HMGB1 levels in the cytoplasm and medium remained unchanged compared with control (Fig. 6, C and E) . Western blot analysis of immunoprecipitates of nuclear and cytoplasmic fractions and conditioned medium indicate UA treatment increased levels of acetylated HMGB1 in the nucleus (Fig. 6B) , leading to its translocation and subsequent increase in the cytoplasm (Fig. 6D ) and in the culture medium (Fig. 6F) . However, the increase in both acetylated and nonacetylated HMGB1 in the cytoplasm and medium suggests UA provokes HMGB1 movement out of the nucleus by both passive and active mechanisms. When intracellular calcium mobilization or the MEK/Erk pathway was inhibited with 10 M TMB-8 or 10 M U0126, respectively, during UA treatment, acetylated HMGB1 remained elevated in the nucleus (Fig. 6B ), but did not translocate to the cytoplasm (Fig. 6D) or the culture medium (Fig. 6F) . Data taken collectively from Fig. 6 suggest UA initiates a cascade of events that leads to nuclear HMGB1 acetylation, nuclear-cytoplasmic translocation, and cellular release, a process that can be disrupted by blocking intracellular calcium mobilization or the MEK/Erk pathway.
Ethyl pyruvate is a simple aliphatic ester of the metabolic intermediate pyruvate (18) that possesses effective anti-inflammatory properties in a variety of in vitro and in vivo model systems (18) . Administration of ethyl pyruvate ameliorates organ damage and improves survival in animal models of mesenteric ischemia and reperfusion, hemorrhagic shock, endotoxemia, and sepsis (41, 55, 57) . Ethyl pyruvate has also been found to be a pharmacological inhibitor of HMGB1 secretion (10, 11, 18, 28, 39, 55, 57, 66, 67, 73) ; however, the mechanistic actions that mediate its inhibitory effects have not been identified as yet. Reports indicating ethyl pyruvate inhibits HMGB1 release from a variety of cells and experimental settings prompted us to study its effect in UA-stimulated HUVEC. We treated HUVEC with 25 mM ethyl pyruvate after stimulation by 50 g/ml UA or 50 ng/ml rHMGB1. Western blot analysis of HUVEC indicated UA-induced translocation of HMGB1 from the nucleus (Fig. 7A) to the cytoplasm (Fig. 7C)   Fig. 3 . HMGB1 mRNA expression in HUVEC treated with UA. HUVEC treated with 50 and 100 g/ml of UA demonstrated increased HMGB1 mRNA expression within 1 h of treatment. Treatment with 50 g/ml of UA resulted in a more robust increase in HMGB1 mRNA compared with 100 g/ml of UA, with a peak in expression at 30 min. HMGB1 mRNA expression was normalized to ␤-actin expression. *P Ͻ 0.05 vs. 0 min. #P Ͻ 0.05 vs. all time points. Fig. 4 . HMGB1 after intrarenal UA injection. HMGB1 was measured by Western blot analysis in nuclear and cytoplasmic kidney fractions (A) and whole blood (B) 1 and 3 h after intrarenal UA injection (50 g/25 g body wt) in mice. HMGB1 decreased in the nucleus and increased in the cytoplasm (A) and was enriched in the systemic circulation (B) within 1-3 h after UA treatment. Nuclear HMGB1 was normalized to histone, cytoplasmic HMGB1 was normalized to tubulin, and whole blood HMGB1 was normalized to total protein content. Absence of tubulin in nuclear samples and absence of histone in cytoplasmic samples confirmed purity. *P Ͻ 0.05 vs. control; n ϭ 5. and subsequent cellular release (Fig. 7E) were sensitive to ethyl pyruvate blockade. Treatment of HUVEC with rHMGB1 (50 ng/ml) also led to nuclear-cytoplasmic translocation and release of endogenous HMGB1, an effect also blocked by ethyl pyruvate (Fig. 7, A, C, and E) . Further analysis revealed that treatment with UA or rHMGB1 increased levels of acetylated HMGB1 in the nucleus (Fig. 7B) , causing its translocation and subsequent increase in the cytoplasm (Fig. 7D ) and culture medium (Fig. 7F) . However, the increase in both acetylated and nonacetylated HMGB1 in the cytoplasm and medium suggests rHMGB1 provokes HMGB1 movement out of the nucleus by both passive and active mechanisms. However, ethyl pyruvate pretreatment abolished the UA-and rHMGB1-stimulated increase in acetylated HMGB1 in the nucleus (Fig.  7B), cytoplasm (Fig. 7D) , and culture medium (Fig. 7F) . Taken together, these data suggest that similar to UA, rHMGB1 can stimulate acetylation of nuclear HMGB1, its nuclear-cytoplasmic translocation, and release from endothelial cells, an effect inhibited by ethyl pyruvate.
HUVEC, when treated with UA or exogenous rHMGB1, demonstrated significantly increased proinflammatory NF-B activity, as measured by NF-B luciferase reporter assay in transfected cells (Fig. 8) . This effect was also blocked by ethyl pyruvate (Fig. 8) . When HUVEC were transfected with MyD88 siRNA, UA-or rHMGB1-induced increases in NF-B activity were drastically attenuated (Fig. 8) . Transfection with control scrambled siRNA did not affect NF-B activity. Data suggest that released HMGB1 may function in an autocrine manner by activating a MyD88-dependent pathway causing upregulation of NF-B activity in endothelial cells.
When HUVEC were treated with rHMGB1, ANG 2 (which is stored exclusively in Weibel-Palade bodies of endothelial cells) was released from cells into the culture medium within 30 min (Fig. 9A) . The increase in ANG 2 release was accompanied by upregulation of ANG 2 mRNA expression (Fig. 9B ) and protein expression (Fig. 9C) . UA and rHMGB1 upregulation of ANG 2 was greatly attenuated when siRNA for TLR4 was introduced into HUVEC (Fig. 10A) . Transfection of TLR4 siRNA resulted in attenuation of TLR4 protein in HUVEC compared with HUVEC transfected with control scrambled siRNA instead (Fig. 10A) . Furthermore, UA and exogenous rHMGB1 upregulation of HMGB1 in HUVEC was also greatly attenuated by TLR4 siRNA transfection (Fig. 10B) . These data suggest the involvement of TLR4 in mediating the UA and/or HMGB1 signaling cascade in stimulated endothelial cells. Figure 11 is a schematic representation of the chronologically and spaciously coordinated systemic inflammatory response that accompanies the local ischemic processes.
DISCUSSION
The data presented herein demonstrated that UA, usually released from an ischemic organ within a few minutes of reperfusion (50) , activated endothelial cells to release HMGB1 within 1 h. HMGB1 translocated from the nucleus to the cytoplasm of HUVEC in a calcium-and MEK/Erk-dependent process, resulting in its secretion both in vitro and in vivo. Translocation of HMGB1 involved its acetylation, while blockade of calcium-and MEK/Erk-dependent pathways prevented acetylation and translocation. Furthermore, the preven- tion of acetylation could be also achieved with ethyl pyruvate. rHMGB1 also increased the acetylation and translocation of the endogenous pool. However, the nuclear-cytoplasmic movement of both acetylated and nonacetylated HMGB1 suggests both active and passive mechanisms are involved in HMGB1 shuttling during UA and rHMGB1 stimulation. These findings provide a groundwork for a hypothetical scenario whereby the ischemia-reperfusion-induced release of UA acts both locally and systemically on vascular endothelia 1) to mediate activation of TLR4 exocytosis of Weibel-Palade bodies and their constituents, as we have previously demonstrated (34) ; and as shown here 2) to ignite translocation of HMGB1 and its secretion into the circulation; and 3) released HMGB1 further activates endothelial cells in an autocrine positive feedback loop to enhance its own synthesis, translocation, and secretion. These mechanistic steps account for the chronologically and spaciously coordinated systemic inflammatory response that accompanies the local ischemic processes, as schematically depicted in Fig. 11 .
While release of HMGB1 has been reported after IRI (7, 10, 35, 38, 70) , the extent and the locality of release remain to be fully examined. The most relevant report was a recent study by Li et al. (35) using horseradish peroxidase immunohistochemical staining of kidneys after IRI. In the study by Li et al., the renal tubules, peritubular capillaries, and glomeruli all stained positive for HMGB1 release (35) . After we observed a significant release of HMGB1 into the circulation after renal IRI, we attempted to investigate HMGB1 release in the kidney.
While it is well established that monocytes and macrophages are prime candidates for HMGB1 release, Degryse et al. (12) showed that endothelial cells are also capable of HMGB1 release. Findings by Mullins et al. (45) supported the idea that HMGB1 may be released from activated endothelial cells when they reported HMGB1 is translocated from the nu- cleus to the cytoplasm and released from HUVEC upon stimulation by LPS or TNF-␣. We attempted to expand on these findings by examining HMGB1 release by renal endothelial cells in vivo. Our immunostaining results of IRI kidneys demonstrated abundant HMGB1 to be localized in vascular endothelial cells (Fig. 5) , confirming the reports of other investigators (12, 20, 45, 52) .
UA is emerging as a crucial very early mediator of damage response after injury, including renal ischemic insult. UA is currently recognized as a prototypical alarm signal, which undergoes a surge after IRI (50) . The UA release after IRI is accompanied by a relatively fast damage response, suggesting UA acts on cells in the kidney to quickly mediate exocytosis of molecules from internalized storage. Kuo et al. (34) demonstrated that within minutes after IRI, UA causes exocytosis of Weibal-Palade bodies and release of their constituents (including von Willebrand factor, ANG 2, and IL-8) into the circulation. Based on this rationale, we reasoned the surge in UA after IRI may also lead to the exocytosis of other internalized molecules, including the release of HMGB1 from endothelial cells. We demonstrate here in in vivo experiments that intrarenal injection of UA leads to renal endothelial cell nuclearcytoplasmic HMGB1 translocation and subsequent release into the circulation within 1-3 h (Figs. 3 and 4) , a finding further supported by our in vitro studies utilizing HUVEC that also demonstrated HMGB1 release within the first hour after UA treatment ( Figs. 1 and 2 ).
Many groups have focused their efforts on investigating the properties of HMGB1 nuclear-cytoplasmic translocation and release out of the cell, but these investigative efforts have primarily focused on specific immune cells. It is generally believed in monocytes and macrophages that HMGB1 relinquishes DNA binding and releases from the nucleus by two distinct mechanisms (4, 24) . HMGB1 can be passively released or actively released from activated cells following acetylation of HMGB1 by nuclear proteins such as histone acetyltrans- ferases (4, 24) . HMGB1 contains two lysine-rich nuclear localization signals (NLSs) (4, 62) , and acetylation of both NLSs is involved in its translocation (4, 24) . Here, we found UA stimulation of HUVEC triggers HMGB1 acetylation in the nucleus (Figs. 6 and 7) . The acetylation of HMGB1 at active DNA binding sites decreases its affinity for DNA, allowing for its nuclear release. The nuclear exporter protein chromosome region maintenance 1 (CRM1) shuttles acetylated HMGB1 from nucleus to cytoplasm (25) . When internal mobilization of calcium or MEK/Erk was inhibited in HUVEC in experiments here, nuclear HMGB1 acetylation was still detected but its nuclear export and release was prevented (Figs. 6 and 7) , suggesting calcium mobilization and MEK/Erk play a role in translocation of HMGB1.
Recent reports implicate calcium as an influential player in the translocation and release of HMGB1. In the absence of calcium, HMGB1 DNA binding properties may be enhanced, an effect dependent on the C-terminal domain of HMGB1 (51, 58, 59) . In other reports, calcium appears to also play a role in the shuttling of HMGB1. Zhang et al. (75) demonstrated in macrophages that calcium/calmodulin-dependent protein kinase (CaMK) IV mediates nuclear-cytoplasmic shuttling. Recently, Oh et al. (45a) showed in monocytes that HMGB1 secretion can be induced by calcium ionophores and inhibited by calcium chelators. The involvement of calcium in HMGB1 secretion from monocytes was further demonstrated by Gardella et al. (21) , who showed that after HMGB1 translocalization from the nucleus to the cytoplasm the secretory granules and/or lysosomes that contain HMGB1 are exocytosed in a calcium-regulated secretory pathway. All of these calcium-dependent kinases and organelles may take part in the shuttling of HMGB1 within various cell types, thus highlighting the importance of calcium signaling in HMGB1 release and secretion.
We examined some of the potential mechanisms by which UA may induce translocation and secretion of HMGB1 from endothelial cells. Our findings indicate intracellular mobilization of calcium from internal storage pools sensitive to inositol Fig. 8 . NF-B activity in HUVEC is elevated by UA and rHMGB1, an effect inhibited by EP. NF-B luciferase reporter assay was measured after HUVEC treatment with either UA (50 g/ml) or rHMGB1 (50 ng/ml; with or without 25 mM EP) for 24 h. NF-B activity increased upon UA and rHMGB1 treatment, an effect significantly attenuated by EP treatment or MyD88 small interfering siRNA. Transfection of control scrambled siRNA did not affect UA-or rHMGB1-mediated increase in NF-B activity (data not shown). *P Ͻ 0.05 vs. control, EP, MyD88 siRNA. #P Ͻ 0.05 vs. control, EP; n ϭ 6. Fig. 9 . Upregulation of angiopoietin-2 (ANG 2) by HMGB1 in HUVEC. HUVEC were treated with 3 different concentrations of rHMGB1: 10, 50, and 100 ng/ml. Treatment of HUVEC with 10 ng/ml of HMGB1 resulted in a significant increase in ANG 2 release into the medium within 15 min (A). However, a more robust increase was observed at 30 min with 50 and 100 ng/ml (A). ANG 2 mRNA expression in HUVEC was increased within 30 min of treatment with 50 and 100 ng/ml of rHMGB1 protein, but not with 10 ng/ml (B). ANG 2 mRNA was normalized to ␤-actin. 1,4,5-trisphosphate is possibly a critical component of UAmediated HMGB1 translocation and release. However, in experiments here, we used the nonspecific intracellular calcium release inhibitor TMB-8, which may also block other modes of calcium mobilization; therefore, influence from extracellular calcium influx cannot be ruled out as a factor involved in HMGB1 translocation (9, 40, 41) . Furthermore, other laboratories have shown the MEK/Erk pathway is activated by UA in a variety of cell types (8, 23, 27) . Our investigations here revealed that inhibition of the MEK/Erk pathway by U0126 also prevents UA-induced HMGB1 nuclear-cytoplasmic shuttling and release, thus indicating that the mechanism of UAinduced secretion of HMGB1 involves both calcium mobilization and the MEK/Erk pathway (Fig. 6) .
The cellular release of HMGB1 has also been implicated in a variety of proinflammatory responses after tissue injury (1, 44, 48, 56) . Here, we observed HMGB1 stimulates proinflammatory NF-B activity in cultured endothelial cells (Fig. 8) . However, despite the reparative/regenerative effects HMGB1 indirectly promotes, HMGB1 has been directly implicated in regeneration and repair in various injury models including cardiac injury and epithelial cell damage (1, 32, 36, 44, 48, 53, 54, 56, 68, 74) . The ability of HMGB1 to act not only as a signal of tissue damage but also to promote proliferation, migration, and differentiation of several cell types, particularly those involved in angiogenesis (43) , prompted us to examine the ability of HMGB1 to induce ANG 2 upregulation and release from endothelial cells. HMGB1 stimulation of HUVEC resulted in upregulated ANG 2 mRNA expression and protein translation and release (Fig. 9) , an effect inhibited by TLR4 siRNA (Fig. 10) . Interestingly, TLR4 siRNA also reduced HMGB1 protein in both UA-and rHMGB1-stimulated HUVEC (Fig. 10 ). Our findings suggest secreted endogenous HMGB1 activates TLR4 on endothelial cells in a positive feedback loop, thus amplifying its own synthesis and secretion.
In summary (Fig. 11) , we show UA activates endothelial cells causing nuclear HMGB1 acetylation initiating its translocation and release. The UA-induced translocation and release of HMGB1 is dependent on activation of calcium mobilization and the MAP/Erk pathway. Once released, HMGB1 can act as an autocrine and a paracrine to stimulate further HMGB1 acetylation and release, while also activating NF-B activity and upregulating ANG 2 expression and release. Thus, once UA induces the release of HMGB1 from endothelial cells, operating in a feedback loop mechanism, HMGB1 may further stimulate its own release while also activating various proinflammatory and proreparative mediators, both locally and systemically. These findings have the Fig. 10 . Western blotting of ANG 2 and HMGB1 in HUVEC transfected with Toll-like receptor-4 (TLR4) siRNA. HUVEC were transfected with either TLR4 siRNA or control scrambled siRNA. Transfection of TLR4 siRNA resulted in successful attenuation of TLR4 in HUVEC (A). Downregulation of TLR4 by siRNA resulted in reduced levels of ANG 2 (A) and HMGB1 (B) in HUVEC when cells were treated with either UA (50 g/ml) or rHMGB1 (50 ng/ml) for up to 1 h, suggesting TLR4 is involved in UA-and HMGB1-mediated upregulation of ANG 2 and HMGB1. Fig. 11 . Schematic summary of the proposed interactions between UA and HMGB1 and their local and systemic effects. Release of UA by stressed cells activates TLR4 on endothelial cells. Once TLR4 is activated, nuclear HMGB1 becomes acetylated, translocates to the cytoplasm, and is released by mechanisms that are sensitive to blockade by TMB-8, U0126, and EP. Once released, HMGB1 can act as an autocrine signal or as a paracrine signal on distant cells to enhance release of HMGB1, increase exocytosis of Weibel-Palade bodies (WPB) and ANG 2, and increase NF-B activity.
